We designed, fabricated, and characterized a superconducting detector array for terahertz imaging applications. To evaluate the optical performance as an imaging array, we measured the spectral response of a 5-pixel linear array detector, and confirmed its sensitivity peaks to be at the same frequency within accuracy of one percent in the range of 0.65 THz. The frequency peaks are also in good agreement with a numerical calculation. This linear array was tested in the nondestructive imaging of a metallic pattern and an integrated-circuit card, and allowed the shortening of the total acquisition time. High fabrication yield of about 99% was achieved for single superconducting tunnel junctions, which led to 90% yield for the detectors. Terahertz radiation is the electromagnetic range between millimeter waves and infrared. The imaging technology in this range is expected to generate many novel applications such as nondestructive inspection in commercial industries and security systems, and medical diagnosis.
Terahertz radiation is the electromagnetic range between millimeter waves and infrared. The imaging technology in this range is expected to generate many novel applications such as nondestructive inspection in commercial industries and security systems, and medical diagnosis. [1] [2] [3] The technology is also applicable to research and observations of galaxy formation and evolution in astronomy. 4) However, detector arrays for terahertz imaging are still under development and large-scale and high-sensitivity detector arrays are acutely needed in many fields.
We developed a terahertz detector array using Nb-based superconducting tunnel junctions (STJs). The array consists of STJ direct detectors whose detection mechanism is based on photon-assisted tunneling process, giving the theoretical responsivity of the quantum-limited value e=h at the first photon step below the superconducting gap. 5, 6) The gap energy of superconducting niobium is about 3 meV, corresponding to the radiation frequency of 0.7 THz. Thus, the detector array promises to be an excellent solution for terahertz imaging. A large-scale bolometer array using a superconductor, called transition edge sensor (TES), is also an important alternative for imaging. However, compared with TES, the STJ detector array has many advantages such as the performance stability against the operating temperature fluctuations, faster response times, and a larger dynamic range. 7) In a previous report, we have proposed and developed an STJ direct detector for terahertz waves, and demonstrated terahertz imaging of visually opaque materials using a onepixel STJ detector for the first time.
8) The one-pixel detector integrates linearly distributed STJs, 9,10) a superconducting microstrip line and a log-periodic antenna of niobium superconductor [ Fig. 1(a) ]. The center frequency was set to 0.65 THz so as to fit one of the important atmospheric windows for astronomical observation in Atacama Desert. 11) In this work, we characterize the electrical and optical performance of the STJ detectors as an imaging array. Then, we demonstrate terahertz imaging of a metallic pattern and an integrated-circuit card using the STJ linear array, which shortens the total acquisition time.
We have developed an STJ detector array with 36 pixels on a 5-mm-square sapphire substrate [ Fig. 1(b) ]. The STJs were fabricated using a conventional sputtering process, reactive ion etching, photolithography, and anodization method for STJ edges. 12, 13) We have evaluated the fabrication yield of STJs with low subgap leakage current, which is essential for realizing the imaging array, by measuring 50 elements (i.e., 600 single STJs in total). We confirmed that 45 elements showed good quality, which is about 90% yield. For single junctions, a fabrication yield of about 99% (i.e., 595 STJs in 600) was achieved.
To evaluate the uniformity of optical performance among the detector pixels, we have measured their spectral response, which is another important issue for realizing the imaging array. In order to simultaneously suppress DC Josephson current of all detector pixels, a relatively large magnetic field of about 30 mT was applied using a NbTi superconducting Helmholtz coil. Figure 2 shows the spectral response measured by Fourier transform infrared spectrometer using a Martin-Puplett interferometer, in which a mercury-vapor lamp was used as a wideband radiation source including terahertz bands. The maximum sensitivity was measured at 0.65 THz for five detector pixels. We confirmed their frequency peaks to be the same with accuracy of one percent (Table I) . Two lower peaks at 0.13 and 0.25 THz were also detected, when the same bias voltage of 1.0 mV was applied to each STJ detector.
The frequency peaks are also in good agreement with a numerical calculation of distributed junctions. 14) This consistency will allow future developments to be constructed to the multi-spectral detector array, which is optimized by only the size and location of the STJs with the same plane antenna. However, the measured spectral response is partially different from the calculated one. The discrepancy in sensitivity above 0.65 THz is thought to be normal-conductor losses above the gap frequency of the superconducting niobium ($0:7 THz). At the two lower peaks (0.13 and 0.25 THz), the measured sensitivity is suppressed because of the limited bandwidth of the log-periodic antenna (0.3 -1.2 THz). We have also confirmed that a smaller bias voltage of 0.5 mV is sufficient to suppress the sensitivity, and realizes pure bandpass characteristics at 0.65 THz. Next, we demonstrated terahertz imaging using an STJ linear array. As a terahertz wave source, we used a backward-wave oscillator (BWO) for its high output power and frequency tunability in the range of 0.5 -0.7 THz. 15 ) Figure 3 shows the BWO imaging system with the STJ linear array. The terahertz waves from the BWO point source are collimated and then focused onto the sample plane through a cylindrical lens. The cylindrical lens elongates the spot shape, and allows a good signal-to-noise ratio for all detector pixels. The sample is continuously moved in a plane perpendicular to the beam axis using an XY linear motor stage. The beam passing through the sample is refocused onto the STJ linear array in a cryostat. Current signals from the detector array are read out in parallel using a multipixel readout system based on transimpedance amplifiers, and then fed to a series of lock-in amplifiers one for each detector pixel synchronized with an optical chopper placed in front of the BWO source. The output signals are transfered to a personal computer for image data acquisition. We acquired terahertz images of two samples using 4 detector pixels in the array, operated at 4.2 K. The remaining pixels were not used for imaging to avoid the large aberration of the parabolic mirror in the current imaging system. One sample is a radial test pattern, printed with ink including metallic powder, which was scanned with a 250 mm step (Fig. 4) . Scanning for each detector pixel is performed in vertical bands, at intervals of 10 mm (¼ 2:5 mm Â 4 pixels). The 2.5 mm in the sample plane corresponds to the 325 mm in the detector plane in our system. The other sample is an integrated-circuit (IC) card, which was scanned at a lock-in integration time of 30 ms per point, is shown in Fig. 5 . The total acquisition time shortens to 30 min using the 4-pixel linear array, compared with 2 h by a one-pixel STJ detector. A larger format array of STJ detectors as well as 0.3 K operation is expected to further shorten the total acquisition time.
In conclusion, we have achieved a high fabrication yield for single STJs and detectors, and confirmed their sensitivity peaks at 0.65 THz to be the same within one percent accuracy. Such high fabrication yield and good uniformity made it possible to realize a superconducting detector array for terahertz imaging applications, and to demonstrate nondestructive imaging of a visually opaque material using the STJ linear array for the first time.
We expect that the STJ detector array will be applied in astronomy and industry. Noise equivalent power of the detector is reaching down to 10 À16 W/ ffiffiffiffiffiffi Hz p at low background condition. 7) Such performance will allow the detector to be applied in high-sensitivity imaging on ground-based astronomical observations in the near future. 16) We also expect the detector to become a fundamental technology toward future space missions. In industry, linear arrays are generally advantageous in applications such as inspection in belt conveyor systems, and enable shorter acquisition time with saving total array size, compared with two-dimensional array. The larger format array is expected to be processed by a digital multiplexer using, for example, the single-fluxquantum circuits, 17) operated at the same cryogenic temperatures of 0.3 K as the STJ detectors. In recent years, its cryogenic temperature is easily achievable by a mechanical cooling system based on a 4 K pulse-tube refrigerator and a He3 sorption fridge. Such peripheral techniques are expected to make practical applications possible.
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